1. Introduction
===============

The Henry (nitroaldol) reaction is considered one of the most powerful and atom economical C--C bond-formation reactions and is widely employed in organic chemistry. The resulting products, β-nitro alcohols, are often used as key intermediates in the synthesis of numerous biologically active compounds, including natural products, insecticides, fungicides and antibiotics \[[@B1-molecules-18-13910],[@B2-molecules-18-13910],[@B3-molecules-18-13910],[@B4-molecules-18-13910],[@B5-molecules-18-13910]\]. Therefore, a variety of catalysts have been developed for this reaction, and basic catalysts are the most common ones \[[@B1-molecules-18-13910],[@B4-molecules-18-13910],[@B6-molecules-18-13910],[@B7-molecules-18-13910],[@B8-molecules-18-13910]\]. However, this type of reaction is often complicated under strong alkaline conditions because of the unwanted side reactions, such as aldol, Michael and elimination reactions \[[@B6-molecules-18-13910],[@B9-molecules-18-13910],[@B10-molecules-18-13910]\]. On the other hand, it\'s very gratifying to see that some Henry reactions have been performed under mild reaction conditions more recently, e.g., solvent free \[[@B11-molecules-18-13910],[@B12-molecules-18-13910],[@B13-molecules-18-13910],[@B14-molecules-18-13910]\], in aqueous media \[[@B9-molecules-18-13910],[@B15-molecules-18-13910],[@B16-molecules-18-13910],[@B17-molecules-18-13910]\] or using enzymes as catalysts \[[@B1-molecules-18-13910],[@B18-molecules-18-13910],[@B19-molecules-18-13910],[@B20-molecules-18-13910]\].

Biocatalysis has become a powerful and useful tool for organic synthesis because of its high selectivity, mild reaction conditions and green features. Moreover, enzyme promiscuity has given a new push to its applications \[[@B21-molecules-18-13910],[@B22-molecules-18-13910]\]. In 2006, the Griengl group reported the first example of a biocatalytic asymmetric Henry reaction catalyzed by hydroxynitrile lyase \[[@B18-molecules-18-13910]\]. After that, aminoacylase \[[@B10-molecules-18-13910]\], transglutaminase \[[@B19-molecules-18-13910]\] and lipase \[[@B23-molecules-18-13910]\] have also proved to exhibit nitroaldol activity. However, to the best of our knowledge, these enzyme-catalyzed Henry reactions were carried out in organic media, and the harm from organic solvents was unavoidable. Therefore, it is significant to develop new enzymatic methods for the Henry reaction in eco-friendly media.

Thus, as one part of our continuing interest in enzyme promiscuity and green chemistry, we wish to report the first examples of biocatalytic Henry reactions in ionic liquid (IL)-based microemulsions ([Scheme 1](#molecules-18-13910-f004){ref-type="scheme"}). ILs are usually considered as "green" solvents. Compared with ILs, water-in-IL (w/IL) microemulsions are more suitable for an enzyme-catalyzed conversion \[[@B24-molecules-18-13910]\]. In microemulsions, the enzyme is located in the so-called "water pool" where it is exposed to a living environment similar to the natural one, thereby exhibiting good stability and activity \[[@B25-molecules-18-13910],[@B26-molecules-18-13910],[@B27-molecules-18-13910]\]. At the same time, enzyme can be dispersed in the medium at a molecular level \[[@B24-molecules-18-13910]\], which increases the odds of interaction between enzyme and substrate molecules. Here, 1-butyl-3-methylimidazolium hexafluorophosphate (\[Bmim\]\[PF~6~\], a hydrophobic ionic liquid, was selected as oil phase, and the acylase-catalyzed Henry reaction in w/IL microemulsions was explored ([Scheme 1](#molecules-18-13910-f004){ref-type="scheme"}). We were gratified to observe that excellent results were obtained in our preliminary study.

![The acylase-catalyzed Henry reaction in water-in-\[Bmim\]\[PF~6~\] microemulsions.](molecules-18-13910-g004){#molecules-18-13910-f004}

2. Results and Discussion
=========================

TX-100/H~2~O/\[Bmim\]PF~6~ microemulsions was first prepared according to the phase diagrams in literature \[[@B28-molecules-18-13910]\]. Then the Henry reaction in microemulsions was studied selecting 4-nitrobenzaldehyde and nitromethane as a model reaction. Nine commercial enzymes were investigated to find the most suitable catalyst to catalyze the Henry reaction in w/IL microemulsions. As shown in [Table 1](#molecules-18-13910-t001){ref-type="table"}, the best result of 88% yield was achieved by using Amano acylase from *Aspergillus oryzae* (AOA, entry 1), although other tested enzymes, even the non-enzyme protein bovine serum albumin (entry 10), also showed good catalytic activities. Next, some control experiments were performed to demonstrate the specific catalytic effect of the enzymes on the model reaction. The results showed that the model reaction could be performed smoothly in the microemulsions in absence of any enzyme (entry 11), although the yield was lower, but only a small amount of product was obtained under solvent-free conditions in the absence of enzyme (entry 12) and almost no product was produced in \[Bmim\]\[PF~6~\] alone using AOA as a catalyst (entry 13). All these showed that this Henry reaction could be freely carried out in water-in-\[Bmim\]\[PF~6~\] microemulsions, and AOA could effectively promote this reaction.

molecules-18-13910-t001_Table 1

###### 

Henry reaction catalyzed by different enzymes in IL-based microemulsions ^a^.

  ![](molecules-18-13910-i001.jpg)                                                 
  ---------------------------------- --------------------------------------------- ----
  1                                  Amano acylase from *Aspergillus oryzae*       88
  2                                  Lipase from *Rhizopus niveus*                 72
  3                                  Amano lipase PS from *Burkholderia cepacia*   71
  4                                  Amano lipase from *Pseudomonas fluorescens*   70
  5                                  Lipase from *Candida rugosa*                  68
  6                                  Lipase from bovine pancreas                   68
  7                                  Amano lipase M from *Mucor javanicus*         67
  8                                  Amano lipase A from *Aspergillus niger*       66
  9                                  Acylase I from *Aspergillus melleus*          65
  10                                 Bovine serum albumin                          64
  11                                 Control test ^c^                              62
  12                                 Control test ^d^                              24
  13                                 Control test ^e^                              1

^a^ *Reaction conditions*: Enzyme (30 mg), 4-nitrobenzaldehyde (1 mmol), nitromethane (4 mmol) and TX-100/H~2~O/\[Bmim\]PF~6~ microemulsions (1 mL, water 16.7%, TX-100 60%, \[Bmim\]PF~6~ 23.3%, in weight), was shaken at 30 °C for 48 h; ^b^ Determined by HPLC; ^c^ No enzyme; ^d^ Under solvent-free and enzyme-free conditions; ^e^ In 1 mL \[Bmim\]PF~6~ (with enzyme).

The influence of water content (ω~0~, where ω~0~ = \[H~2~O\]/\[TX-100\]) on the activity of AOA encapsulated in the "water pool" was investigated. W/IL microemulsions show a spherical droplet structure for which the droplet radius is directly proportional to the ω~0~ value and thus the microenvironment around the enzyme can be tuned by simply changing the ω~0~ value. Therefore ω~0~ is a key parameter and it plays a significant role in the enzyme-catalyzed reactions in w/IL microemulsions. It was found from the data listed in [Table 2](#molecules-18-13910-t002){ref-type="table"} that the ω~0~ value had an impact on this enzymatic reaction and the best result was obtained at ω~0~ = 10 ([Table 2](#molecules-18-13910-t002){ref-type="table"}, entry 3).

molecules-18-13910-t002_Table 2

###### 

Effect of ω~0~ value on the Henry reaction ^a^.

  Entry   ω~0~   Water (%)   TX-100 (%)   \[Bmim\]PF~6~ (%)   Yield ^b^ (%)
  ------- ------ ----------- ------------ ------------------- ---------------
  1       4      6.7         60           33.3                84
  2       8      13.3        60           26.7                85
  3       10     16.7        60           23.3                88
  4       12     20.0        60           20.0                82
  5       14     23.4        60           16.6                80
  6       16     26.7        60           13.3                75

^a^ *Reaction conditions*: AOA (30 mg), 4-nitrobenzaldehyde (1 mmol), nitromethane (4 mmol) and TX-100/H~2~O/\[Bmim\]PF~6~ microemulsions (1 mL), was shaken at 30 °C for 48 h; ^b^ Determined by HPLC.

Next, the influences of enzyme loading, temperature and molar ratio were studied respectively, and the optimal values of these factors were determined to be 30 mg/mL, 40 °C and 1:5, respectively. As shown in [Figure 1](#molecules-18-13910-f001){ref-type="fig"}, the effect of enzyme loading on the yield was not obvious, and the satisfying result could be obtained when 30 mg/mL AOA was adopted. However, temperature and molar ratio had significant effects on this reaction ([Figure 2](#molecules-18-13910-f002){ref-type="fig"} and [Figure 3](#molecules-18-13910-f003){ref-type="fig"}).

![Influence of enzyme concentration on the Henry reaction ^a^.](molecules-18-13910-g001){#molecules-18-13910-f001}

![Influence of temperature on the Henry reaction ^a^.](molecules-18-13910-g002){#molecules-18-13910-f002}

With the optimized conditions in hand, more aromatic aldehydes were evaluated to show the generality and scope of this new enzymatic promiscuity and the results are summarized in [Table 3](#molecules-18-13910-t003){ref-type="table"}. It can be seen that a wide range of aromatic aldehydes can effectively react with nitromethane in water-in-\[Bmim\]\[PF~6~\] microemulsions in the presence of AOA. In general, benzaldehyde and its derivatives bearing an electron-donating group gave the products in relatively lower yields (entries 1--3 and 7--10). In contrast, aromatic aldehydes containing an electron-withdrawing substituent provided β-nitro alcohols in higher yields. Especially, 2-nitrobenzaldehyde and 4-nitrobenzaldehyde (entries 4 and 6) gave the corresponding product in yields of 87% and 90%, respectively. This may be due to the fact that electron-withdrawing groups can enhance the electrophilicity of the carbonyl carbon in the aldehydes, which facilitates the reaction.

![Influence of molar ratio on the Henry reaction ^a^.](molecules-18-13910-g003){#molecules-18-13910-f003}

molecules-18-13910-t003_Table 3

###### 

Investigation of the reactant scope of the Henry reaction in IL-based microemulsions ^a^.

  ![](molecules-18-13910-i002.jpg)                    
  ---------------------------------- ---------- ----- ----
  1                                  H          *a*   44
  2                                  3-CH~3~    *b*   28
  3                                  4-CH~3~    *c*   30
  4                                  2-NO~2~    *d*   87
  5                                  3-NO~2~    *e*   79
  6                                  4-NO~2~    *f*   90
  7                                  2-OH       *g*   22
  8                                  3-OH       *h*   48
  9                                  4-OH       *i*   55
  10                                 4-OCH~3~   *j*   40
  11                                 2-Cl       *k*   77
  12                                 4-Cl       *l*   66

^a^ *Reaction conditions*: AOA (30 mg), aldehydes (1 mmol), nitromethane (5 mmol) and microemulsions (1 mL), was shaken at 40 °C for 48 h; ^b^ Isolated yield after silica gel column chromatography.

3. Experimental
===============

3.1. Materials and Analytical Methods
-------------------------------------

Amano acylase from *Aspergillus oryzae*, lipase from *Rhizopus niveus*, Amano lipase PS from *Burkholderia cepacia*, Amano lipase from *Pseudomonas fluorescens*, lipase from *Candida rugosa*, Amano lipase M from *Mucor javanicus*, Amano lipase A from *Aspergillus niger* and acylase I from *Aspergillus melleus* were purchased from Sigma-Aldrich Co. LLC (Shanghai, China). Lipase from bovine pancreas and bovine serum albumin were purchased from Aladdin Co., Ltd. (Shanghai, China). Other reagents were obtained from commercial suppliers and used without further purification unless otherwise noted. The reactions were monitored by thin-layer chromatography and visualized using UV light. The ^1^H-NMR spectra were recorded on a Bruker 400 MHz instrument using CDCl~3~ as solvent. Chemical shifts (*δ*) were expressed in ppm with tetramethylsilane (TMS) as internal standard, and coupling constants (*J*) were reported in Hz. High performance liquid chromatography (HPLC) was carried out on Waters instrument (Waters 2489, 1525) using a C18 column (250 mm × 46 mm). All products are known compounds and characterization data is only given below for a selection of products. Column chromatography was performed on silica gel using ethyl acetate-petroleum ether as mobile phase.

3.2. General Procedure for Henry reaction
-----------------------------------------

Aromatic aldehyde (1 mmol), nitromethane (4 mmol), acylase (30 mg) and microemulsion (1 mL, water 16.7%, TX-100 60%, \[Bmim\]PF~6~ 23.3%) were added in a 10 mL test tube, then shaken at 260 rpm and 40 °C. After completion of the reaction, enzyme was filtered off to stop the reaction, then the filtrate was extracted with ethyl acetate and the resulting crude product was purified by column chromatography (petroleum ether-ethyl acetate) to give the pure product.

3.3. Physical and ^1^H-NMR Data of Some Representative Henry Products
---------------------------------------------------------------------

*2-Nitro-1-phenylethanol* (***a***)

![](molecules-18-13910-i003.jpg)

Yellow oil; ^1^H-NMR: δ = 7.39--7.33 (m, 5H), 5.40--5.36 (m, 1H), 4.58--4.51 (m, 2H), 2.86 (br, 1H).

*2-Nitro-1-p-tolylethanol* (***c***)

![](molecules-18-13910-i004.jpg)

Yellow oil; ^1^H-NMR: δ = 7.27 (d, *J* = 7.94 Hz, 2H), 7.19 (d, *J* = 7.96 Hz, 2H), 5.44--5.38 (m, 2H), 4.62--4.48 (m, 1H), 3.65 (br, 1H), 2.37 (s, 3H).

*2-Nitro-1-(2-nitrophenyl)ethanol* (***d***)

![](molecules-18-13910-i005.jpg)

Yellow oil; ^1^H-NMR: δ = 8.07 (d, *J* = 8.0 Hz, 1H), 7.95 (d, *J* = 7.6 Hz, 1H), 7.75 (t, *J* = 7.4Hz, 1H), 7.55 (t, *J* = 7.6Hz, 1H), 6.04 (d, *J* = 8.8 Hz, 1H), 4.57--4.52 (m, 2H), 3.36 (br, 1H).

*2-Nitro-1-(3-nitrophenyl)ethanol* (***e***)

![](molecules-18-13910-i006.jpg)

Pale yellow solid; ^1^H-NMR: δ = 8.26 (d, *J* = 8.8 Hz, 1H), 8.22 (d, *J* = 8.0 Hz, 1H), 7.77 (d, *J* = 7.6 Hz, 1H), 7.61 (d, *J* = 7.6, 8.0 Hz, 1H), 5.62--5.32 (m, 1H), 4.65--4.57 (m, 2H), 3.43 (br, 1H).

*2-Nitro-1-(4-nitrophenyl)ethanol* (***f***)

![](molecules-18-13910-i007.jpg)

Yellow solid; ^1^H-NMR: δ = 8.26 (d, *J* = 8.8 Hz, 2H), 7.63 (d, *J* = 8.5 Hz, 2H), 5.24--4.76 (m, 1H), 4.52--4.22 (m, 2H), 3.65 (br, 1H).

*2-(1-Hydroxy-2-nitroethyl)phenol* (***g***)

![](molecules-18-13910-i008.jpg)

Colorless oil; ^1^H-NMR: δ = 7.25--6.98 (m, 4H), 5.66 (s, 1H), 4.59--4.51(m, 2H), 4.41--4.36 (m, 1H), 3.25 (br, 1H).

*4-(1-Hydroxy-2-nitroethyl)phenol* (***i***)

![](molecules-18-13910-i009.jpg)

Yellow oil; ^1^H-NMR: δ = 7.56 (d, *J* = 9.4 Hz, 2H), 7.16 (d, *J* = 9.4 Hz, 2H), 5.31 (s, 1H), 4.68--4.61 (m, 2H), 4.58--4.34 (m, 1H), 3.82 (br, 1H).

*1-(3-Chlorophenyl)-2-nitroethanol* (***k***)

![](molecules-18-13910-i010.jpg)

Pale yellow oil; ^1^H-NMR: δ = 7.66 (d, *J* = 7.6 Hz, 1H), 7.39--7.26 (m, 3H), 5.85--5.81 (m, 1H), 4.68--4.65 (m, 2H), 3.18 (br, 1H).

*1-(4-Chlorophenyl)-2-nitroethanol* (***l***)

![](molecules-18-13910-i011.jpg)

Yellow oil; ^1^H-NMR: δ = 7.38--7.27 (m, 4H), 5.43--5.39 (m, 1H), 4.57--4.54 (m, 2H), 3.11 (br, 1H).

4. Conclusions
==============

In summary, an efficient and environmentally-friendly method has been developed for the Henry reaction, which is another example of biocatalytic promiscuity. Here, water/\[Bmim\]PF6 reverse microemulsion was used for the Henry reaction for the first time and AOA could effectively promote this reaction. As a green approach, it not only expands the applications of IL microemulsions, but might push forward the development of other reactions taking advantage of enzymatic promiscuity.
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